Over the past three decades numerous imaging studies have revealed structural and functional brain abnormalities in patients with neuropsychiatric diseases. These structural and functional brain changes are frequently found in multiple, discrete brain areas and may include frontal, temporal, parietal and occipital cortices as well as subcortical brain areas. However, while the structural and functional brain changes in patients are found in anatomically separated areas, these are connected through (long distance) fibers, together forming networks. Thus, instead of representing separate (patho)-physiological entities, these local changes in the brains of patients with psychiatric disorders may in fact represent different parts of the same 'elephant', i.e., the (altered) brain network. Recent developments in quantitative analysis of complex networks, based largely on graph theory, have revealed that the brain's structure and functions have features of complex networks. Here we briefly introduce several recent developments in neural network studies relevant for psychiatry, including from the 2013 special issue on Neural Networks in Psychiatry in European Neuropsychopharmacology. We conclude that new insights will be revealed from the neural network approaches to brain imaging in psychiatry that hold the potential to find causes for psychiatric disorders and (preventive) treatments in the future.
Introduction
Over the past three decades numerous imaging studies have revealed structural and functional brain abnormalities in patients with neuropsychiatric diseases. Increases and decreases in brain volumes as well as changes in activity and resting-state related blood oxygen level dependent signals using magnetic resonance brain imaging have been found in patients with schizophrenia (Haijma et al., 2012; Minzenberg et al., 2009; Wright et al., 2000) , bipolar disorder (Bora et al., 2010; Chen et al., 2011) , depression (Arnone et al., 2012) , autism (Nicki-Jockschat et al., 2012) , ADHD (Ellison-Wright et al., 2008; Durston, 2010) , and Alzheimer's disease (Sexton et al., 2011) . These structural and functional brain changes are frequently found in multiple, discrete brain areas and may include frontal, temporal, parietal and occipital cortices as well as subcortical brain areas. Clinical diagnoses show both overlapping and segregating brain changes, such as for example between schizophrenia and bipolar disorder (Ellison-Wright and Bullmore, 2010; Hulshoff Pol et al., 2012) and between unipolar and bipolar depression (Kempton et al., 2011; Delvecchio et al., 2012) . However, while the structural and functional brain changes in patients are found in anatomically separated areas, these are connected through (long distance) fibers, together forming networks. Thus, instead of representing separate (patho)-physiological entities, these local brain changes in the brains of patients with psychiatric disorders may in fact represent different parts of the same 'elephant', i.e., the (altered) brain network. The 'elephant' refers to the tale ''Blind men and an Elephant''. This tale originated in India, and was translated in English in the 19th century as a poem by Saxe (1872) . In the tale a group of blind men touch an elephant. The first touches its broad and sturdy side and says that the elephant is like a wall; the second touches the tusk and states the elephant is like a spear; the third touches its trunk and concludes that the elephant is like a snake; and so on. In the end, it is concluded, ''though each was partly in the right, all were in the wrong.'' Similarly, the local brain changes in the brain of patients with psychiatric disorders, while correct in their own right, may together mean something else, and in fact represent one (altered) neural network.
Recent developments in quantitative analysis of complex networks, based largely on graph theory, have revealed that the brain's structural and functional networks are topologically complex Sporns, 2009, 2012; Van den Heuvel and Sporns 2011) . Graph theory provides a theoretical framework in which the topology of complex networks can be examined, and reveals important information about the local and global organization of structural and functional brain networks. Using these methods, important new insights are currently emerging, showing that neural network changes are underlying structural and functional brain changes in psychiatric diseases, including vulnerability for specific characteristics of the brain network ( Bullmore and Sporns 2012) . Here we review several of its properties, and discuss the highlights in this emerging field of neural networks in psychiatry, with the aim to sketch its potential in finding causes for and predicting psychiatric disorders and possibly treatments in the future.
Brain graphs
The brain consists of networks of neurons. This has been known for a long time. Only a look at the brain's whitematter is required to conclude that these fiber pathways must represent important interconnections between anatomically distant brain areas. However, that these neurons are interconnected does not mean that we understand how the brain network is organized and functioning. It is only recently that the complex brain network characteristics are starting to be deciphered mathematically. By using approaches from network theory in combination with neurobiology, properties of the brain network represented as a graph are now being unraveled. Below we briefly describe some of its main characteristics. For more complete and extensive descriptions several review articles , and a scholarly book on networks of the brain (Sporns, 2011) are available.
A graph is a mathematical representation of a real-world network. A graph consists of nodes and edges (Figure 1 ). Nodes may represent anatomical areas at the macroscopic level, and single neurons or glial cells at the microscopic level in the brain. Edges represent connections between pairs of nodes, and often represent white matter fiber bundles. Nodes can be linked via a single edge, or via multiple edges and thus via intermediate nodes. The connecting route between two nodes is called a path. A path with a short path length means that it has no or few intermediate nodes and this path is considered to provide efficient transfer of information. When for individual edges specific strengths are known, then these individual strengths can be used to weight the edges between two nodes (i.e., the edges are not considered to be binary). For example, the right medial frontal cortex (node) is connected with the right temporal pole (node) through the right uncinate fasciculus (edge) via a direct connection (short path length; efficient connection), that is highly myelinated (strongly weighted connection). If we instead measure the path length of the connection between the left medial frontal cortex and the right temporal pole we find this connection to be somewhat longer and thus less efficient since it goes through the right medial frontal cortex (intermediate node) and then through the anterior corpus callosum (second edge). Please note that the physical distance between nodes (e.g., the length of the Figure 1 Network representation of the human brain. Shown in the middle is a graphical representation of a network superimposed on the brain surface. Nodes are represented in yellow circles; the edges connecting pairs of nodes are represented in green; stronger connections are represented by thicker green lines; and two modules are shown. On the left, normal network representations of part of this network are shown. The path as connecting route between two nodes 1 and 2 is represented in black lines; clustering is represented by a red node with orange circled neighbors connected through black edges; hub areas are represented by larger circles, with hub 2 representing a connection between the two modules. On the right, changes in the network that may be associated with psychiatric diseases are shown. Disconnections between nodes are represented in gray. A longer path length results in lower efficiency; fewer connections between neighbors results in a lower clustering coefficient; and the disconnection of two modules makes hub 2 a less central hub. The disconnections may represent (progressive) loss and/or differential brain development of structural or functional connections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) uncinate fasciculus) does not play a role in the strength of the connection in these measures-unless of course such a measure is added as a valid characteristic to the graph analysis. Another important parameter in graph analysis is the extent to which different nodes cluster together. Clustering refers to the density of connections between neighbors of nodes. In the case of densely interconnected neighbors these form a cluster around the node, also known as a module. Importantly, a densely connected cluster communicates large quantities of shared information and is therefore likely to reflect a functionally coherent brain system that may be specialized (Sporns, 2011 ).
An important finding in network theory was the discovery of the small-world model by Watts and Strogatz (1998) . The small-world model is intermediate to that of a total random model (any node may directly connect to any other node) and a regular model (only direct neighbors and neighbors with one intermediate node exist) and combines high clustering with short path length. Based on this model, it was found that many networks have small-world properties, including the brain (van den Heuvel et al., 2008; Sporns, 2011) . Another important characteristics in brain networks are so-called hubs. Hubs are brain areas that play a central role in the communication (Achard et al., 2006; Van den Heuvel and Sporns, 2011; Van den Heuvel et al., 2012) , such as the medial frontal cortex ( . A hub is a node identified as having a high number of edges connected to it, low clustering (i.e., those connected nodes are not densely connected among themselves but only with the hub node), a short path length with other nodes, and connecting different modules (Sporns et al., 2007; Sporns, 2011; Van den Heuvel and Sporns, 2011) . When hubs of a network tend to be more densely connected among themselves than nodes of a lower degree these are said to form a rich-club; the presence, or absence, of rich-club organization can provide important information on the higher-order structure of a network, particularly on the level of resilience, hierarchal ordering, and specialization (Colizza et al., 2006; Van den Heuvel and Sporns 2011; Van den Heuvel et al., 2012; Sporns, 2011) .
With these and other network characteristics, complex networks such as in the brain can be represented by a few key properties. Application of such properties in psychiatric diseases holds great promise in unveiling their often largely hidden brain abnormalities.
Network analysis and brain imaging
How may these often somewhat abstract properties of the network aid in deciphering psychiatric disease such as schizophrenia? One, in psychiatric diseases, the structural brain changes often encompass multiple brain areas of small effect. If these changes indeed reflect different parts of the same elephant, then network analysis may increase the statistical power to find brain abnormalities at the group level and at the individual level. For example, early attempts reported decreases in coupling in schizophrenia between corpus callosum and superior temporal gyrus and increased coupling between corpus callosum and medial orbitofrontal cortex based on gray and white matter densities (Hulshoff Pol et al., 2004 ), but did not go beyond analysis of significant differences of interregional correlations between patients and controls. In the current special issue network analysis of gray matter regions could conclude that both increased interhemispheric coupling of the frontal lobes and decreased interhemispheric temporal coupling are present in patients with schizophrenia (Collin et al., in this issue) . Two, network analysis provides new information about abnormalities in anatomically distant brain areas, including the connecting white matter, together providing new information of its (patho)-physiology. For example, it has long been hypothesized that schizophrenia is a disconnection syndrome (Wernicke, 1906; Friston, 1998) . With network analysis and applications to brain imaging this hypothesis is currently gaining ground. Three, with several brain areas together forming a network, network analysis may increase chances to find causes for psychiatric diseases with the same data, if indeed network abnormalities are involved.
The added value of network analysis may be illustrated by findings in a schizophrenia sample. In 40 young adult patients with schizophrenia, aged between 20-41, diffusion tensor imaging and magnetic transfer ratio (MTR) scans were compared with those in 40 healthy control individuals . Fiber reconstructions were made of the genu of the corpus callosum and left and right uncinate fasciculi. The main finding was a significantly higher mean MTR of 1%, with no differences in mean FA, in the right uncinate fasciculus in the patients with schizophrenia compared with healthy participants. The increased mean MTR in the right uncinate fasciculus could reflect a compensatory role for myelin in these fibers or possibly represent aberrant frontotemporal connectivity. However, overall, these findings revealed no changes in fiber integrity in schizophrenia. In a larger study including 126 patients with schizophrenia and 109 healthy controls measurement of white matter integrity was extended to more fibers, i.e., the genu, splenium, left and right uncinate fasciculus, cingulum, inferior fronto-occipital fasciculus, fornix, arcuate fasciculus, and inferior longitudinal fasciculus. The results of that study showed that young adult (mean age 26 years) patients with schizophrenia did not differ in mean FA from healthy controls along white matter fibers. Thus, while we know that in more chronically ill patients decreases in FA are found in multiple white matter areas of the brain (Ellison-Wright and Bullmore, 2010), in young adult patients with schizophrenia integrity of individual tract-based (cortico-cortical) fibers can (still) be within normal limits. What happened to these data when a network analysis approach was taken rather than a single fiber analysis approach?
Network analysis was applied to the DTI and MTR data from the same 40 patients and 40 healthy control study, using fiber reconstructions throughout the brain and including integrity of white matter based on FA and MTR ( . Diffusion tensor imaging was used to reconstruct the white matter connections of the brain network, with the strength of the connections defined as the level of myelination of the tracts as measured through means of magnetization transfer ratio magnetic resonance imaging. Patients displayed a preserved overall small-world network organization, but focusing on specific brain regions and their capacity to communicate with other regions of the brain revealed significantly longer node-specific path lengths (higher L) of frontal and temporal regions, especially of bilateral inferior/ superior frontal cortex and temporal pole regions. This study represents the first diffusion MRI connectomic analysis of schizophrenia, and shows that by using a network analysis approach, changes can be found in schizophrenia that at the single tract level remain largely undetected.
Almost simultaneously, a comparable study using diffusion MRI connectomic analysis was done in schizophrenia revealing global reductions in whitematter connectivity in patients. The two studies have applied different approaches (Rubinov and Bassett, 2011) , with one defining connection weights by the level of tract myelination using MTR and additionally by tract integrity using FA , and the other by defining connection weights by the number of interregional streamlines, i.e., the number of computed trajectories associated with each detected white-matter tract thought to reflect the size and capacity for information transmission of the tract .
Also, we have to keep in mind that we can only speculate as to the functional implications of these structural network changes in schizophrenia (Rubinov and Bassett, 2011) . However, these findings represent clear indications for disconnections in the brains of patients with schizophrenia, that with single fiber approaches had remained undetected.
Heritability of brain connectivity
Psychiatric diseases are at least in part heritable, as is found based on familial co-segregation, the higher incidence of disorders in the families of probands than would be expected in the general population. In a recent review, heritability estimates for psychiatric diseases ranged between 28 and 85% for different nosological entities (Bienvenu et al., 2011) . Although the estimates vary between studies, we can safely conclude that psychiatric diseases are at least partly heritable. For neural network studies in psychiatry it is therefore relevant to know the extent to which brain networks are heritable. From the few studies that have been published so far, it is suggested that several aspects of the functional brain network are indeed heritable. Functional magnetic resonance imaging (fMRI) studies have shown that regional fluctuations of spontaneous brain activity, measured in the absence of an explicit task (the so-called resting state), are highly organized, being correlated across spatially distributed networks (Fox and Raichle, 2007; Damoiseaux et al., 2006) .
The first study on heritability of the functional brain network measured spontaneous fluctuations of the blood oxygenation level-dependent signal using functional magnetic resonance imaging in adult healthy monozygotic (16 pairs) and dizygotic (13 pairs) twins and characterized costefficient properties of brain network functional connectivity between 1041 distinct cortical regions . At the global network level, 60% of the interindividual variance in cost-efficiency of cortical functional networks was found to be attributable to additive genetic effects. Regionally, significant genetic effects were observed throughout the cortex in a largely bilateral pattern, including bilateral posterior cingulate and medial prefrontal cortices, dorsolateral prefrontal and superior parietal cortices, and lateral temporal and inferomedial occipital regions.
Around the same time, in healthy 12 year-old monozygotic (21 pairs) and dizygotic (22 pairs) twins, resting-state fMRI scans were assessed for the influence of genes on functional brain networks . In these children global efficiency of communication among brain regions was found to be under genetic control (h2 lambda =42%), irrespectively of the total number of brain connections (connectivity density). In addition, no influence of genes or common environment to local clustering (gamma) was found, suggesting a less pronounced effect of genes on local information segregation. These findings are in line with the adult twin study , although the estimates in children were lower. Combining findings from both twin studies in a mini-meta-analysis confirmed genetic control of global brain efficiency . Thus, functional brain communication between anatomically distant brain areas is at least in part heritable in childhood and in adulthood.
These heritability estimates for cortical functional networks are in line with those reported for global and local brain structures (Peper et al., 2007) , structural brain plasticity (Brans et al., 2010) , and with those reported for functional brain measures in rest (Glahn et al., 2010) , and during activity (Koten et al., 2009 ). The recent finding of genes implicated in volume of the hippocampus, total brain and intracranium (Stein et al., 2012; Bis et al., 2012) , stress the relevance to study genes implicated in the (development of) brain networks for better understanding of the pathogenesis of psychiatric diseases.
Neural networks in psychiatric disease
In the 2013 special issue on Neural Networks in Psychiatry in European Neuropsychopharmacology new insights in the properties of the brain network in psychiatry are discussed, highlighting recent developments in network theory relevant for psychiatry. The contributions range from a theoretical framework to explain brain activity as a functional network, through genetic control of functional network efficiency in children, decreased network connectivity associated with early life stress, reward circuit connectivity in ADHD, structural network properties in schizophrenia, network changes in depression, to network changes in Alzheimer's disease. These studies illustrate the wide range of opportunities such approaches may have for psychiatry. We hope that the neural network approach will reveal important new advances in finding causes and consequences for brain abnormalities in neuropsychiatric diseases and trust that this special issue serves to highlight and stimulate these efforts.
In the paper entitled ''Structure out of chaos: complex functional brain network analysis with EEG, MEG, and functional MRI'' by Van Straaten and Stam (in this issue), a theoretical framework is described how brain activity can be represented and characterized as a functional network, and what the implications are of this view for future study. Moreover, the authors describe how for the interpretation and comparison of the studies in this field it is important to be aware of the methodological issues that influence results, and provide an overview of the results of research so far into complex brain networks in healthy as well as in neurological disease. In the paper entitled ''Genetic control of functional brain network efficiency in children'' by Van den Heuvel et al. (in this issue) , the heritability of functional brain efficiency during early brain development is studied, and the findings suggest that a set of genes is shaping the underlying architecture of functional brain communication during development. In the paper entitled ''Decreased Default Network Connectivity is Associated with Early Life Stress in Medication-Free Healthy Adults'' by Philip et al. (in this issue ) the impact of early life stress was associated with changes in structure and function in the medial prefrontal cortex, as part of the default network. Early life stress was associated with decreased default network connectivity and trend-level increases in connectivity between the amygdala and the medial prefrontal cortex, suggesting an altered resting state connectivity is a correlate of stress exposure, rather than a product of medication or psychiatric morbidity. In the paper entitled.
''Reward circuit connectivity relates to delay discounting in children with attention deficit/hyperactivity disorder'' by Gontijo Costa Dias et al. (in this issue), resting-state functional connectivity MRI was used to examine the alterations in the nucleus accumbens interactions and how they relate to impulsive decision making in ADHD. The authors found that functional connectivity of nucleus accumbens was atypical in children with ADHD and the ADHD-related increased connectivity between nucleus accumbens and the prefrontal cortex was associated with greater impulsivity. In the paper entitled ''Disturbed grey matter coupling in schizophrenia'' by Collin and co-workers (in this issue) interregional coupling in grey matter volume was examined in schizophrenia. Both decreased and increased gray matter coupling was found, suggesting altered structural integrity of the brain network in schizophrenia. In the paper entitled ''Brain, networks, depression, and more'' by Leistedt and Linkowski (in this issue) a review is presented with the major current approaches to understanding the biological mechanisms of major depression, with a focus on complex brain networks. Finally, in the paper entitled ''Structural networks in Alzheimer's disease'' by Reid and Evans (in this issue) the existing literature characterizing Alzheimer's disease etiology, pathology, and pathogenesis is discussed, with the intention of framing the disease as primarily a ''disconnection syndrome''. In addition, methodologies are discussed for investigating the topological properties of human brain networks, using graph theoretical techniques and connectivity information derived from anatomical and diffusion-weighted MR imaging.
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